Abstract: The formation energy of the mono-vacancy and both the formation energy and binding energy of the di-and tri-vacancy in BCC alkali metals and transition metals have been calculated by using the modified analytical embedded-atom method (MAEAM). The formation energy of each type of configuration of the vacancies in the alkali metals is much lower than that in the transition metals. From minimum of the formation energy or maximum of the binding energy, the favorable configuration of the di-vacancy and tri-vacancy respectively is the first-nearest-neighbor (FN) or second-nearest-neighbor (SN) di-vacancy and the [112] tri-vacancy constructed by two first-and one second-nearest-neighbor vacancies. It is indicated that there is a concentration tendency for vacancies in BCC metals.
Introduction
The configuration and concentration of vacancies that exist in metals affect directly the physical, chemical and mechanical properties of the metals [1] . The migration of vacancies or interstitials, as is well known, is the dominant mechanism of atom transport or diffusion in processes like solid phase transformation, crack formation and expanding and the other defects (including dislocation and interface) migration [2] . Vacancies also play an important role for surface morphology [3] . So, a detailed knowledge of the configuration and energy of vacancies is very important for understanding many phenomena associated with vacancies. Many indirect experimental methods, such as by measurements of heat capacity (special heat) [4] , electrical resistivity [5] , differential-dilatometer (thermal expansion not caused by the lattice but by increased number of vacancies) [6] and positron annihilation spectrum [7] , have been used to measure the vacancy formation energy. A theoretical calculation or simulation is a useful supplement method.
In this paper, the formation energy of the mono-vacancy and both the formation energy and binding energy of three-type configurations of the di-vacancy and eight-type configurations of the tri-vacancy in body-central cubic (BCC) alkali metals and transition metals have been calculated by using the modified analytical embedded atom method (MAEAM). The MAEAM is an extension to the analytical embedded atom method (AEAM) [8] [9] [10] developed by Johnson and his coworkers by adding a modified term to describe the energy change due to the non-spherical distribution of electrons and deviation from the linear superposition of atomic electronic density.
MAEAM
In the MAEAM, the total energy of a system E t is expressed as [11, 12] 
where F (ρ i ) is the energy to embed an atom in site i with electron density ρ i , which is given by a linear superposition of the spherical averaged atomic electron density of other atoms f (r ij ), r ij is the separation distance of atom j from atom i, φ(r ij ) is the interaction potential between atoms i and j, and M (P i ) is the modified term that describes the energy change due to the non-spherical distribution of electron P i and deviation from the linear superposition of atomic electronic density. The embedding function F (ρ i ), pair potential φ(r ij ), modified term M (P i ) and atomic electron density f (r ij ) are taken as following forms [13] 
where the subscript e indicates equilibrium state and r 1e is the first-nearest-neighbor distance at equilibrium. The cut-off distance of interaction potential for BCC metal r c , where the pair potential and its slope are zero, lies between the second-and third-nearestneighbor distance. That is r c = r 2e + 0.75(r 3e − r 2e ) (8) According to the principle that the energy vs. separation distance curve fits the Rose equation [14] as far as possible and the ref. [12, 15] , eight model parameters, F 0 , n, α, f e , k i (i = 0 ∼ 3) can be calculated with the following equations from the lattice constant a, the cohesive energy E c , mono-vacancy formation energy E 1f and the elastic constants C 11 , C 12 and C 44 of the BCC metal considered.
(12)
where Ω = a 3 /2 is the atomic volume in BCC metals. For convenience, the input physical parameters and calculated model parameters for BCC metals are listed in Table 1 and Table 2 respectively. 3 Energy calculation and discussion
Mono-vacancy
Mono-vacancy can be formed by removing one atom from the central site of a crystal with N atoms and the formation energy of mono-vacancy E 1f can be calculated by
where E N −1 t and E N t is the total energy of the crystal with and without mono-vacancy respectively. In order to avoid the influence of the boundary, we assume the inner computational cell of the crystal is surrounded by a mantle of atoms fixed at their perfect lattice positions. The computational cell is a 10a×10a×10a crystal, where a is the lattice constant. The mantle ensures that each atom in the computational cell has a complete set of neighbors with the range of the interatomic potential used.
The energies of the atoms near the vacancies were affected by the vacancies, therefore, the computational cell should include all the affected atoms. The fewer the number of the vacancies, the fewer the number of atoms there are in the computational cell. But for consistency, we only choose the same 10a × 10a × 10a computational cell in the whole paper. Of course, if there are many vacancies considered, the computational cell should be changed.
Calculated formation energies of mono-vacancy are listed in Table 3 together with the available experimental values for BCC alkali metals [18] and transition metals [19] . It can be seen that the calculated results are in good agreement with the available experimental values. The highest mono-vacancy formation energy corresponds to transition metal W, and the formation energy of the mono-vacancy in alkali metals is much lower than that in the transition metals. As is well known and obvious, the value of the mono-vacancy formation energy of each metal is related directly to its cohesive energy E c , that is, the higher the cohesive energy is, the higher the mono-vacancy formation energy is. 
Di-vacancy
A similar calculation is also conducted for the di-vacancy. Three-type configurations of the di-vacancy, the first-, second-and third-nearest-neighbor di-vacancy (simply noted as FN, SN and TN respectively), are considered. As shown in The formation and binding energy of the di-vacancy can be calculated by
where E N −2 t and E N t is the total energy of the crystal with and without di-vacancy respectively. The calculated results are listed in Table 4 for three-type configurations of the di-vacancy in BCC metals. It can be seen that, similar to the mono-vacancy, the formation energy of each type of configuration of the di-vacancy in alkali metals is much lower than that in transition metals. For each metal, the formation energy increases with FN, SN and TN di-vacancy successively, that is E
2f , however, the binding energy decreases with FN, SN and TN successively, that is E
With nearly the same formation and binding energies for the FN and the SN di-vacancies, this shows that these two-type configurations of the di-vacancy exist simultaneously in BCC metals. The negative binding energy corresponding to the TN di-vacancy indicates the TN di-vacancy is difficult to form in BCC metals. Table 4 Calculated formation and binding energy (eV) of three-type configurations of the di-vacancy in BCC metals. Similar to the di-vacancy, the formation and binding energy of the tri-vacancy can be calculated by
The calculated values of the formation energy and binding energy are listed in Table 5  and Table 6 for eight-type configurations of the tri-vacancy in BCC metals.
The formation energies of eight-type configurations of the tri-vacancy in BCC alkali metals and transition metals are illustrated in Fig. 3 and Fig. 4 to the mono-vacancy and di-vacancy, the formation energy of each type of configuration of the tri-vacancy in alkali metals is much lower than that in transition metals. Furthermore, in the five alkali metals, Li corresponds to the highest formation energy, Na, K and Rb are nearly same and Cs is the lowest. In the seven transition metals, the Combining with the formation energies corresponding to three-type configurations of the di-vacancy, we can conclude that the favorable configurations of the multi-vacancy are those composed with the nearest-neighbor vacancies. On the other hand, there is a concentration tendency for the vacancies in BCC metals and maybe the other structured metals. This conclusion is consistent with the experimental results that the voids [20, 21] and crackles [22] are often observed in the materials. In fact, there is a correlation between the atomic number and the formation energy of the mono-, di-and tri-vacancy in the alkali metals and the transition metals. As shown in Fig. 7 and Fig. 8 respectively, the formation energies of the mono-, di-and trivacancy decrease with increasing the atomic number of the alkali metals, but increase with increasing the atomic number of the transition metals. Such a correlation also exists between the atomic number and the cohesive energy E c of the alkali metals and the transition metals and can be explained in view of the cohesive energy. From Eqs. (19) and (21), we know that there is an inverse correlation between the atomic number and the binding energy of the di-and tri-vacancy in the alkali metals and the transition metals. 
Conclusions
The formation energy of the mono-vacancy and both the formation energy and binding energy of three-type configurations of the di-vacancy and eight-type configurations of the tri-vacancy in BCC alkali metals and transition metals have been calculated by using the modified analytical embedded atom method (MAEAM). The following conclusions are obtained.
(1) The formation energies of the mono-vacancy, three-type configurations of the divacancy and eight-type configurations of the tri-vacancy in the alkali metals are much lower than that in the transition metals. Furthermore, in the five alkali metals, Li corresponds to the highest formation energy, Na, K and Rb are nearly the same and Cs is the lowest. In seven transition metals, the formation energy decreases for W, Mo, Ta, Nb, V, Fe and Cr successively. (2) From the minimum of the formation energy or maximum of the binding energy, the favorable configurations of the di-vacancy are the first-nearest-neighbor (FN) and the second-nearest-neighbor (SN), and the favorable configuration of the tri-vacancy is [112] constructed by two first-and one second-nearest-neighbor vacancies. That is the favorable configurations of the multi-vacancy are those composed with the nearest-neighbor vacancies. On the other hand, there is a concentration tendency for the vacancies in BCC metals. (3) The formation energies of the mono-, di-and tri-vacancy decrease with increasing the atomic number of the alkali metals, but increase with increasing the atomic number of the transition metals.
